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In germanium, phosphorous and antimony diffuse quickly and as such their transport must be controlled in order to design efficient n-typed doped regions. Here, density functional theory based calculations are used to predict the influence of double donor co-doping on the migration activation energies of vacancy-mediated diffusion processes. The migration energy barriers for phosphorous and antimony were found to be increased significantly when larger clusters involving two donor atoms and a vacancy were formed. These clusters are energetically stable and can lead to the formation of even larger clusters involving a number of donor atoms around a vacancy, thereby affecting the properties of devices. Germanium (Ge) is emerging as an important material for nanoelectronic devices, not only due to its superior properties (lower dopant activation temperatures, smaller band gap, and high carrier mobilities) but also due to the realization of high dielectric constant (high-k) dielectrics on top of group IV semiconductors.
1 Although Si and Ge are isostructural, the vacancy is the dominant intrinsic point defect, that is, only in Ge. 2 Vacancies can have a deleterious impact on the fabrication of high performance Ge-metal-oxide-semiconductor field-effect transistor (MOSFET) or other Ge based devices. 3 In particular, the channel region of the device vacancies provide scattering centers degrading the carrier mobility; the source and drain junctions act as recombination sites increasing the leakage current. Finally, the n-type regions vacancies can enhance donor atom diffusion or cause the deactivation of donor atoms via cluster formation. 3, 4 It is important to constrain or reduce the concentration of vacancies in Ge as they are the vehicle mediating donor atom diffusion and also the important constituent of the clusters related to deactivation (for example, As n V m or Sb n V m clusters). 5 To control vacancies, a number of point defect engineering strategies have been proposed. 3, 4, [6] [7] [8] A study of density functional theory (DFT) on P and As co-doping proposed that double-donor doping can be an effective way to engineer the active donor concentrations. 6 That study inspired the experimental investigation of Tsouroutas et al. 7 on P and As co-doping. Tsouroutas et al., 7 however, concluded that although there is a retardation of As diffusion, the activation level of co-doped Ge is lower compared to the singly doped Ge. Recently, Kim et al. 8 used P and Sb codoping to improve Ge n þ /p junction diode characteristics. They concluded that P and Sb co-doping has a beneficial impact upon the n-type dopant activation leading to an increased forward biased current density in shallow junction diodes. Kim et al. 8 hypothesise that the mechanism for the enhanced activation in P and Sb co-doped Ge might be linked to local strain compensation (P is smaller than Ge, whereas Sb is larger). The aim of the present study is to quantify the binding of P and Sb to vacancies and the impact of co-doping on the migration energy of these donor atoms in Ge.
II. METHODOLOGY
DFT implemented numerically in the Vienna ab initio Simulation Package (VASP) that was used to calculate the defect energetics (binding energies, migration energies). 9 The generalised gradient approximation (GGA) with the PerdewBurke-Ernzerhof (PBE) description of the electron and exchange correlation was used. 10 Ge, P, and Sb were described using 4s 3 pseudopotentials generated using the projector augmented wave (PAW) approach.
11 A 2 Â 2 Â 2 Monkhorst-Pack mesh was used to sample the Brillouin zone. 12 Energies and forces were iterated until an accuracy of 1 Â 10 À5 eV and 1 Â 10 À3 eV/Å were achieved, respectively. Migration energy barriers were calculated using the climbing image nudged elastic band (CI-NEB) technique. 13 All simulations were carried out at constant volume using the calculated perfect lattice parameter of Ge (5.5985 Å ) in a 216 atom supercell. Electron spin-polarisation was accounted in the simulations. DFT underestimates the band gap of Ge. In order to correct this, we used a GGA þ U approaches implemented previously, which was positively compared to the performance of the HSE06 hybrid functional. [14] [15] [16] Charged defect clusters were created by adding or removing electrons from the simulation supercell. The 216 atoms supercell was chosen to minimise the effect of the charged defect-defect interactions. In addition, NEB results are taken as the differences between successive images leading to the cancelation of spurious interactions.
III. RESULTS AND DISCUSSION
As established by Brotzmann and Bracht, 2 the strong doping dependence in phosphorous-doped Ge can be explained by the formation of negatively charged phosphorous-vacancy, (PV) À , pairs via the reaction,
Author to whom correspondence should be addressed. Where P þ s denotes the single positively charged P substitutional atom and V 2À the double negatively charged vacancy. The key to controlling P diffusion in Ge is the control of the vacancies, as these progress the fast diffusion process.
We first investigate the migration energy of the single negatively charged pair (PV)
À1
. It has been previously established that the V-mediated diffusion of dopants in Ge proceeds via the ring mechanism of diffusion.
2 Fig. 1(a) shows the ring diffusion mechanism for the (PV) À1 cluster and Fig. 2 (a) the energies associated with each step. The migration energy barrier (i.e., the step along the ring with the highest energy barrier in Fig. 2(a) ) for the single negatively charged pair (PV) À1 is 0.91 eV. For completeness the migration energy barrier of the (SbV) À1 pair was also calculated (1.17 eV).
To consider the trapping of the (PV) À1 pair to further donor atoms (P or Sb), we consider the following reactions:
The formation of these neutral clusters is promoted by the attraction of the oppositely charged components. The PSbV cluster is more bound compared to the P 2 V cluster (À2.03 eV and À1.83 eV, respectively) because the oversized Sb atom benefits more from the relaxation near the vacant space of the (PV) À1 pair. This is also indicated by the binding energies of the (SbV) À1 and (PV) À1 pairs, which are À1.19 eV and À0.93 eV, respectively. Interestingly, for the (SbV) À1 pair, the oversized Sb atom occupies the space between two semi-vacant lattice sites, leading to a configuration known as the split-vacancy configuration. 17 The present study reproduces this configuration in agreement with the previous DFT study of H€ ohler et al. 17 Importantly, the difference in binding energies, in favour of the Sb atom, reveals that it will have a greater "radius of influence" to attract migrating (PV) À1 pairs as compared to P atoms. The next issue that needs to be considered is the mobility of the P 2 V and PSbV clusters. Figs. 2(b) and 2(c) show
A schematic representation of (a) the diffusion of P via the ring-mechanism of diffusion of a P in the Ge lattice. In this mechanism the V exchanges position with the P atom and then it progresses through the ring approaching the P atom through another direction. (b) Represents the proposed ring mechanism of diffusion where the PV pair encounters a Sb atom. Fig. 1(a) ) and the PV pairs in the presence of (b) a second P atom and (c) an Sb atom (both mechanism of Fig. 1(b) ). On the top of the figures is the ring mechanism of diffusion projected onto the (111) surface of Ge. The squares represent the V, smaller circles the P atom, and larger circles the Sb. the energies of the diffusion paths for the P 2 V and PSbV clusters along the ring mechanism ( Fig. 1(b) ). The P 2 V and PSbV clusters have migration energy barriers 1.92 eV and 1.94 eV, respectively, indicating that there is practically no difference. Both these migration energy barriers are higher by more than 1 eV compared to the (PV) À1 pair and therefore the association of the pair with a further donor atom via Eq. (2) will lead to it being less mobile. For the P 2 V pair, this was previously established by the study of Brotzmann et al., 4 however, for mixed clusters there has been no such information. As mentioned earlier, Kim et al. 8 hypothesised that the mechanism for enhanced activation in P and Sb co-doped Ge is linked to local strain compensation. The present study quantifies that mixed clusters such as PSbV are more bound than P 2 V (by À0.2 eV) ; however, we also find that such larger clusters (P 2 V and/or PSbV) will be less mobile compared to the (PV)
FIG. 2. Diffusion path of (a) the PV pairs (mechanism of
À1 pair. Next we consider how these binding and migration energies compare with P co-doped with an isovalent dopant. In a recent DFT study, it was shown that the binding energy of the (PHfV)
À1 cluster is À3.55 eV and therefore more energetically favourable compared to the PSbV cluster by about 1.5 eV. 4 This in turn implies that Hf will be more effective than Sb in trapping the (PV) À1 pair; however, the singly positively charged Sb atom can have an advantage in attracting the negatively charged (PV) À1 pair via Coulombic interaction (and as such it is expected to have a larger radius of influence).
At this point one needs to consider whether the (PHfV)
À1
or the PSbV clusters would be more efficient precursors for the formation of the larger P-vacancy clusters that could lead to the deactivation of a significant part of the P dose. Considering that the (PHfV) À1 clusters are singly negatively charged it is unlikely that they will attract the migrating (PV) À1 pairs or the doubly negatively charged vacancies. They are also practically immobile as they have high migration energies. Conversely, the P 2 V and PSbV clusters are neutral and thus larger clusters may still be formed as predicted via DFT/mass action analysis approaches (refer to Chroneos et al.
5
). Notably, as the PSbV cluster is more bound compared to the P 2 V cluster it may be deduced that in the case of codoping with Sb stronger deactivation should be expected. The formation of larger clusters is also supported by experimental work in ntype doped Si 18 and Ge (Bruno et al.
). The recent study of Schneider and Bracht 19 highlighted that a supersaturation of Ge interstitials can suppress the formation of dopant-vacancy clusters. This approach is thus advantageous to maximise the activation level of donor atoms in implanted Ge. 19 The difference of single P-doped Ge with P and Sb co-doped Ge maybe in part reconciled by the differences in the defect structure established under implantation and the subsequent rapid thermal annealing. The impact of Ge-interstitial in these processes needs to be detailed in future theoretical work.
IV. CONCLUSIONS
A DFT/GGAþU approach has been used to quantify the influence of co-doping and the formation of PSbV clusters on the activation energy for migration of P or Sb in Ge. It is predicted that the formation of strongly bound PSbV clusters, results in the traping of the (PV) À1 pair and retards its transport by increasing the migration activation energy. The present study is consistent with previous experimental studies but the exact mechanism of donor-vacancy cluster formation and deactivation in Ge needs to be further clarified.
